There are eight life stages in the life-cycle of Diplozoon paradoxum and limited knowledge of the life-cycle for other diplozoid genera exists. The aim of this study was to record the number of life-stages of Paradiplozoon ichthyoxanthon obtained from, Labeobarbus aeneus and Labeobarbus kimberlyensis, in the Vaal Dam from 2005 to 2007. Six larval life stages and one adult stage of P. ichtyoxanthon were identified from specimens collected in vitro and in situ. In vitro, eggs hatched after 21 days at 18°C. Eggs collected during winter were significantly larger than those laid during spring or summer. Paradiplozoon ichthyoxanthon oncomiracidia have peripheral eyes with pink pigmentation, a tubular anterior bladder-like structure, bicuspid basal pharynx valve and a branched digestive caecum and residual shell material or vitellaria in the caecum. Immature reproductive tissue connected to the ventral sucker and dorsal papillae were noted for the first time in diporpa. Large nervous ganglia and innervation of muscle were observed around the ventral sucker.
Introduction
The Diplozoidae (Palombi, 1949) are sanguivorous parasites of fish. They have an unique unusual life-cycle, whereby two immature hermaphroditic individuals meet and permanently fuse together prior to maturity. Diporpa first fuse with one another at an angle of 90° to the longitudinal body axis using a single ventral sucker and dorsal papillae and thereafter attach the second sucker to the remaining papilla (Zeller 1872 , Bovet 1967 . Diplozoid biology has been described through in vitro observation of parasites collected in the field (Zeller 1872 , Goto 1891 , MacDonald and Jones 1978 , Khotenovsky 1985 , Hirose et al. 1987 , Gelnar and Koubková 1994 , Pečínková et al. 2007 however, a more complete account is available for Diplozoon paradoxum, which has eight life stages described from in situ and in vitro material (Bovet 1967) .
The life-cycle commences once adults produce eggs in lakes, dams and rivers at the onset of summer (Khotenovsky 1977) . Oncomiracidia may hatch soon after oviposition, as in the case of Eudiplozoon nipponicum (Formerly: Diplozoon nipponicum) within 14 hours (Zurawski et al. 2003 , Pečínková et al. 2007 . In response to hatching stimuli, the free-living oncomiracidium emerges from an egg and swims upward, rotating around its longitudinal body axis (Bovet 1959 , 1967 , Llewellyn 1981 , Kearn 1986 . During this photopositive swimming phase, oncomiracidia may enter the buccal cavity of a host fish and have a chance to attach to the gill lamellae.
Oncomiracidia lose their locomotory cilia after attachment and mature into diporpa (Bovet 1967) . When two migratory diporpa recognize one another chemotaxically on a hosts' gills, they permanently join into a single cross-shaped adult (Khalil and Warner 1987, Sicard et al. 2002) . Biochemical, stage-specific changes occur during development in the carbohydrate content of the integumental glycocalyx as described in E. nipponicum, possibly as a host-immune evasion strategy (Schabussova et al. 2004 ).
The life-cycle of E. nipponicum on Cyprinus carpio has been known since 1891 (Goto 1891 , Pečínková et al. 2007 . Some authors consider the life-span of diplozoids to last for more than one year, while others suggest that it is completed in a single year (Zeller 1872 , Sterba 1957 , Bychowsky and Nagbina 1959 , Bovet 1967 , Kamegai 1970 , Khotenovsky 1977 , Koskivaara et al. 1991 , Kagel and Taraschewski 1993 , Gelnar and Koubková 1994 , Pečínková et al. 2007 Milne and Avenant-Oldewage 2012) . Five diplozoid species have been reported in Africa (Thomas 1957 , Fischthal and Kuntz, 1963 , Paperna 1979 , Dos Santos et al. 2013 , but details of their life-cycle have not been described. This study aims to describe the morphology of immature P. ichthyoxanthon life-stages.
Materials and Methods

Sampling fishes
Sampling surveys to gather Labeobarbus kimberlyensis (Gilchrist and Thompson, 1913) Skelton (2001) .
The fishes were killed by a single cut through the spinal cord, gills dissected from the head into Petri dishes containing Vaal Dam water. Examination of the gill filaments was performed with a WILD M5 stereomicroscope, using Dumont tweezers and Camel's fine paintbrush. The P. ichthyoxanthon Avenant-Oldewage, 2013 life-stage collected from the gills of each fish was recorded.
Whole-mount preparations were placed between a cover glass and microscope slide separated by petroleum jelly and subsequently submerged in 70% ethanol. Thereafter they were transferred into 10% neutral buffered formalin (10% NBF) and dehydrated to 70% ethyl alcohol. Live specimens were viewed using bright-field stereomicroscopy on a Carl Zeiss Discovery V.12 equipped with a Carl Zeiss KL 1500 LCD Cold-light source and Axiovision v4.3 software. The gross morphometrics of seven P. ichthyoxanthon oncomiracidia and 11 diporpa were measured.
Staining
Semichon's acetocarmine (Rim et al. 1980) , Van Gieson's solution (pH 1.0-2.0) (Pearse 1968) , vital methylene blue (Kiernan 1974; Fitzgerald and Fitter, 1971; Kiernan 1981 ) and the indoxyl acetate method for carboxylic esterases Jennings 1964, Kiernan 1981) 
Results
Seven sampling excursions yielded a total of 171 adult yellowfish comprising 125 L. aeneus and 46 L. kimberlyensis, along with 206 adult P. ichthyoxanthon, 14 diporpa and one juvenile specimen from the gills of yellowfish hosts. The opisthaptors of the specimens were screened for attachment clamp malformations. Thirty-eight live adult diplozoid specimens were placed into petri dishes with Vaal Dam water at 18°C and transported back to the laboratory. They were maintained in vivo for up to four days in aerated borehole water (pH 5.5, 18°C) in a climate-controlled room, with lighting cycle of 11 hours. Mature specimens formed eggs in both of the partner worms (Fig. 1A ). The 38 P. ichthyoxanthon produced 37 eggs which were maintained in vivo. Nine of the eggs produced oncomiracidia after an incubation period of 21 days (collected 30/05/2006; hatched 21/06/2006).
Viable P. ichthyoxanthon eggs producing oncomiracidia could be distinguished from malformed ones that is those that did not yield oncomiracidia by applying methylene blue. Eggs were often laid in clumped pairs attached to one another with an adhesive substance. Eggs are spherical in shape and lack filamentous appendages at either of the egg poles. The oncocyte was visible within eggs in utero prior to oviposition (Fig. 1A) .
The oncocyte was visible after the third day following oviposition due to covering globular vitellin. On the fifth day the oncoblast becomes visible as a darkened round spot in the centre of the egg. The darkly pigmented median eyespot of the embryo became visible in the egg on the 16 th day of incubation in vivo. The first longitudinal body contractions and rotational movements of the embryo inside the egg were recorded on the 16 th day. Motion was exacerbated by exposing eggs in vitro to a cold-source Light Emitting Diode (LED).
The egg operculum and wave-like motions of peripheral bands of cilia moving suspended solids within the egg membrane first appeared on the 19 th day of incubation (Fig. 1C) . Extensive body movements and coordinated movement of the pharynx and opening and closing of the attachment clamps were noted on the 19 th day of incubation. The eggs appear to be fully developed after 21 days when maintained at 18°C. Hatching was initiated by exposing eggs to, two Carl Zeiss KL 1500 LED cold-light sources above and below the specimen for a half an hour on the 22 nd day of incubation. Hatching began with the opening of the egg operculum due to forceful mechanical actions of the embryo. Liquid waste exudates were released upon opening with a velocity indicative of a higher osmotic potential inside the egg than the surroundings.
Oncomiracidia leave the egg head first by protruding the oral tip through the egg operculum (Fig. 1D) . Thereafter they initiate a body motion whereby the organism is propelled by repeatedly contracting and expanding in a "peristaltic-like" manner to move forward (Fig. 1E) . The oncomiracidium was able to open and close the attachment clamps while hatching.
Oncomiracidia are dorso-ventrally flattened and laterally symmetrical ciliated and free-swimming (Fig. 1B) . The body is divided into three distinct zones, because of two lateral restrictions a third, and two-thirds down the length of the body (Fig. 1B) . The anterior portion of the oncomiracidium is truncated. The body bears a lateral restriction about a third of the way from the anterior of the body indicating the position of the prohaptor. The fore-body is longer and wider than the midbody and prohaptor (Table I) .
The mouth is situated sub-terminally at the anterior end of the oncomiracidium (Fig. 1B) . The oral lumen opens into an oesophagus via a bicuspid valve in the anterior portion of the pharynx. This gives rise to a pharynx that is post-ventrally situated to the pigmented eyes. At the base of the pharynx is another bicuspid valve, comprised of two oblong vesicles situated in a funnel. This valve leads into an elongated sac-like branched intestinal caecum.
A pair of ventral oral suckers are situated on the external lateral periphery of the oral opening (Fig. 1B) , the suckers are muscular and similar in size (Table I) . A cup-shaped median pigmented eye occurs on the dorsal surface of the oncomiracidium (Fig. 1B) . A pair of pink pigmented lateral eyes were observed in a live specimen, just posterior to the median eye (Fig. 1B) . The left and right eyes were almost equal in size ( Table I) .
The posterior end of the oncomiracidium forms a cupshaped adhesive organ the prohaptor (Fig. 1B) . A pair of permanent attachment clamps composed of sclerites is located on the ventral side. Terminally, larval hooks occur. They consist of a proximal straight shaft and a distal curved blade "crochet" that ends in a sharp point. The proximal part of the curved blade projects beyond the junction with the handle to form the guard. The larval hooks were unfolded and protrude from the integument.
A total of 13 P. ichthyoxanthon diporpa were collected, representing three stages of maturation. One specimen bearing two pairs, one bearing three pairs and eleven with four pairs of permanent attachment clamps were collected. The diporpa bearing two pairs of attachment clamps was in the process of fusing with a more mature diporpa to form a juvenile (Fig. 1F) .
The attachment clamp sclerites, the two oral suckers and the ventral sucker, stain blue in UV light with WGA-Alexa 350, indicating N-acetylneuraminic acid presence (Fig. 2) . Fluorescing orange nuclei (SYTOX Orange) indicate nuclei Paradiplozoon ichthyoxanthon life cycle 251 in this instance also in organs or ducts (Fig. 2) . These structures resemble an immature ovary linked to the ventral sucker via a tube-like structure, the oviduct. Dorsally the papilla is linked to a vitelline duct that starts in the anterior body. The dorsal papillae are conical with a round depression in the middle. Posterior to the ventral oval shaped ovary a cell cluster presumably a testis, occur (Fig. 2) . The nervous system, stains blue at the sites of cholinesterase activity, is arranged in orthogonal formation along the body length (Fig.1G) . These serotoninergic fibres, composed of unipolar and bipolar cell bodies, innervate from concentrations of neuronal bodies (cerebral ganglia) in the ventral anterior oral region (Fig. 1G) . A ventral pair of anterior and posterior nerve tracts connects the cerebral ganglia to either end of the diporpa (Fig.1G) . The pair of nerve cords in the superficial body tissues extending towards the posterior are connected by fine perpendicular nerve cords, ventrally and dorsally (Fig. 1G ). Cholinesterase activity (stain blue) marks the presence of ganglia, along the paired nervous cords. (Fig. 1G) .
Anterior to the attachment clamps on the opisthaptor, the ventral nerve cords and nerve fibres are fused forming a major transverse connective nerve cord. The basal portions of the intrinsic muscles of the developing clamps are innervated by an extensive peripheral plexus of fine, serotoninergic nerve fibres. A wider transverse nerve commissure joins the two ventral nervous cords in the anterior portion of the opisthaptor (Fig. 1G) . The opisthaptor is also filled with numerous vitelline cells, testes and a branched intestine. Within the forebody, the digestive caecum is branched with numerous diverticula (Fig. 2) extending between the vittelaria.
Discussion
Paradiplozoon ichthyoxanthon was found on both yellow fish species in the Vaal Dam. This is the first record of this parasite on L. kimberleyenis in this dam. The yellowfishes are known to form hybrids that are morphologically difficult to distinguish (Bloomer et al. 2007) .
Methylene blue was used to distinguish viable P. ichthyoxanthon eggs from non-viable, malformed ones. This study confirms that malformed P. ichthyoxanthon eggs fail to produce viable oncomiracidia confirming the observation of Bovet (1967) . The positive staining of P. ichthyoxanthon egg shells with methylene blue is also indicate that is it composed of connective tissue with a high phenol composition (Kiernan 1981) .
Oviposition of P. ichthyoxanthon eggs in clumped pairs suggests that eggs are accumulated in utero and laid in clusters with a sticky droplet on the surface similar to other species (MacDonald and Jones 1978, Kearn 1986) . The presence of a sticky droplet may be advantageous for P. ichthyoxanthon for attachment of eggs to basal sediments where fish feed (Kearn 1986) , to increase the probability of new infection particularly because they lack a filament. This habitat is also frequented by the hosts.
The duration of the incubation period for P. ichthyoxanthon eggs during winter at 18º C was 22 days and the eggs hatched simultaneously. When compared to other diplozoid species (Zeller 1872 , Bovet 1967 , Khotenovsky 1977 , Tinsley and Jackson 2002 this is a markedly longer incubation period and similar to that of Discocotyle sagittata (23-25 days at 16-18°C) (Gannicot and Tinsley 1998) .
Paradiplozoon ichthyoxanthon oncomiracidia hatched when the illumination by two cold-source LEDs (Light Emitting Diode) was increased, confirming Zeller's (1872) findings that light stimulate hatching. Parasites rotate in their egg shells which presumably spreads hatching fluid from the anterior larval glands over the interior seal of the operculum thereby weakening it. For the first time, this study has shown P. ichthyoxanthon oncomiracidia use an antagonistic mechanical force involving muscular body extensions focused on the oral tip to open the egg operculum.
Embryos were visible prior to eggs being laid and then became invisible. This is in contrast to D. paradoxum, whereby the embryo becomes visible only after oviposition (Bovet 1967) . Paradiplozoon ichthyoxanthon embryos also filled the volume of the egg throughout incubation, and not only half of the egg on the 7 th day as reported by Bovet (1967) . The P. ichthyoxanthon egg shell became more translucent as incubation and vitellaria consumption progressed as in D. paradoxum. Movement of D. paradoxum median eye, as well as body movements has been noted on the 10 th day of incubation. Paradiplozoon ichthyoxanthon however, only initiated body movement later on the 16 th day, whilst peripheral cilia visibly move on the 19 th day. In contrast to the observation of Bovet (1967) the peripheral cilia are able to move from the 19 th day until after hatching.
Although oncomiracidia may passively enter the mouth of the fish, they have specialised nervous sensilla, peripheral locomotor cilia, detailed attachment structures and invasion behaviour strategies to locate a host (Euzet and Combes 1998 , Kamegai 1970 , Khalil and Warner 1987 , Whittington 1997 , Day and Maule 1999 . The median pigmented eye, which is composed of laterally facing cups, is initially the most striking feature of the nervous system in P. ichthyoxanthon. Moreover, like other diplozoid species, P. ichthyoxanthon bears a second pair of eyespots between the brain and dorsal surface (Kearn 1978 , Llewellyn 1981 , Lambert and Denis 1982 . In P. ichthyoxanthon the peripheral eyes have pink pigmentation that has not been recorded before for any diplozoid species.
Similar to oncomiracidia of E. nipponicum, P. ichthyoxanthon has a bulbous pharynx at the anterior of a blind-ending intestinal caecum (Zurawski et al. 2003) . It also contains autofluorescent structures such as lipid food reserves, residual shell material or shell-globules as observed by other authors (Llewellyn 1963 , Owen 1970 .
Diplozoon gracile could be distinguished from D. paradoxum based on the distribution of peripheral cilia in oncomiracidia (Llewellyn 1981 , Khotenovsky 1985 . Possible identifying morphological characters of P. ichthyoxanthon oncomiracidia are the terminal globules in the anterior portion of the prohaptor in vitro, similar to that observed in other polyopisthocotylean species (Rhode 1998) .
In the opisthaptoral region, the basal sclerites of the transverse median plate of the attachment clamps are yellow in UV light. The sclerites of the clamps exhibit bright red fluorescence after staining with modified Semichon's acetocarmine. This is the first record utilizing the acidity of Semichon's acetocarmine to obtain the un-substituted hydrocarbon uranin to bind to diplozoid basal sclerites. This method may have other applications such as to rapidly screen for helminths in smears, or attachment structures in UV light.
The digestive tract of P. ichthyoxanthon diporpa bifurcates terminally. Bovet (1967) identified this bifurcation in the digestive caecum of D. paradoxum and called it the "diverticule ovarien". This study corroborates with the observations of Bovet (1967) in D. paradoxum and indicates the presence of a "diverticule ovarien" in stage 6 P. ichthyoxanthon that is the stage bearing four pairs of attachment clamps.
Interesting contributions to musculo-nervous system anatomy for D. paradoxum, and E. nipponicum diporpa have been provided by numerous studies (Bovet 1967 , Reichenbach-Klinke 1980 , Khotenovsky 1985 , Zurawski et al. 2001 , Zurawski et al. 2003 . The nervous system of P. ichthyoxanthon is arranged in an orthogonal ladder-like net; composed of only ventral and transverse nervous cords, and not dorsal cords (Zurawski et al. 2001) as in E. nipponicum. The welldifferentiated cerebral ganglia previously identified, as the origin of the major pair of ventral nervous cords in E. nipponicum (Zurawski et al. 2001) ; were not clearly visible on the ventral side of P. ichthyoxanthon diporpa. In contrast to E. nipponicum the total amount of transverse commissures in P. ichthyoxanthon is greater (Zurawski et al. 2001) . Like E. nipponicum, P. ichthyoxanthon also has a small nervous supply to the central hooks.
This study contributes to the anatomical information on the life-cycle of a P. ichthyoxanthon Only six larval and one adult life-stages were collected in this study and with reference to those described previously include life-stages: (1), (2), (4), (6), (7) and (8) (Zeller 1872 , Bovet 1967 . Paradiplozoon ichthyoxanthon has several unique anatomical features in the juvenile stages that distinguish it from other species of Diplozoidae.
